We investigated the use and function of coda communication by sperm whales (Physeter macrocephalus L., 1758 (= Physeter catodon L., 1758)). Codas are stereotyped patterns of clicks often made by sperm whales in social contexts. We used the pulsed structure of coda clicks recorded from socializing female/immature groups to estimate the bodylength distribution of the animals producing the codas. Ninety-five percent of the 10 653 codas that we measured were produced by whales measuring from 9 to 11 m. This size range corresponds to the lengths of mature females. We compared these data to a length distribution calculated from photographic measurements of individuals from the same groups encountered during the same studies. There were more whales shorter than 8.5 m (10.0%) and longer than 12.5 m (2.7%) in the photographic length distribution than in that of the coda producers (0.30% and 0.08%, respectively). Since males leave their natal group when they are shorter than 9 m and return to breeding areas when they measure 13 m or more, our data show that the codas were produced almost entirely by mature females. We suggest that coda communication serves several functions, including social bonding.
Introduction
Communication is essential to animal societies. It mediates competition, allows group cohesion, and facilitates reproduction (Bradbury and Vehrencamp 1998) . Individuals can use signals to manipulate one another, or signal their identity, status, and mood. They can also share information about their environment.
Some species show sexual dimorphism in their signals. The sexual differentiation is almost always linked to reproduction, territorial defence, infant care, or group coordination. For example, the brown ghost knifefish (Apteronotus leptorhynchus (Ellis in Eigenmann, 1912) ) produces sexually dimorphic electric organ discharges that are emitted most often during courtship and mating (Bastian et al. 2001) . Male fiddler crabs (species of Uca Leach, 1814) possess a single enlarged claw that they wave to attract females and repulse neighbouring males (Crane 1975) . Sexual selection and differences in mating and reproductive strategies between sexes resulting from differential investment in offspring are likely behind such divergent communication systems (Alcock 1998) .
In species where one sex takes over the care of the offspring, there are often signals unique to that sex which are involved in such care. For example, female mallard ducks (Anas platyrhynchos L., 1758) produce a species-specific and sex-specific call to their ducklings before they hatch. When the ducklings emerge from their eggs, they already recognize their species call (Bright 1984) .
Differences between the sexes in communication signals related to group coordination may take place in social species with sexual segregation. Female African elephants (Loxodonta africana (Blumenbach, 1797)) and their offspring live in matriarchal groups, whereas adult males stay mostly solitary (Moss and Poole 1983) . Females have a larger vocal repertoire than the males (Poole 1994) . Most of the female calls are related to family/bond-group dynamics, cohesion and coordination, or reproduction and communication with males (Poole 1994) .
Sperm whales (Physeter macrocephalus L., 1758 (= Physeter catodon L., 1758)) exhibit extreme physical and behavioural dimorphism. Mature males have three times the mass of females (Rice 1989) . Nonbreeding sperm whales are also the most sexually segregated of all species: females tend to stay in tropical or subtropical waters within the 408 parallels, while males separate from their mother's unit and move to colder waters, sometimes up to the polar seas bordering the pack ice (Rice 1989) .
Female sperm whales reach sexual maturity when they measure 8.3-9.2 m (around 7-13 years old) and are physically mature at 10.4-11.0 m (Rice 1989) . They form, with their immature offspring, social ''units'' of ca. 10-12 individuals with nearly permanent membership (Whitehead and Weilgart 2000) . Most of the male sperm whales leave their mother's unit at around age 6 (Whitehead and Weilgart 2000) , when they would measure roughly 8.5 m (from the growth curve of Rice 1989) . Mature males return to the female -immature unit areas to breed when they measure around 13 m, and are in their late 20s (Best 1979) . There is little evidence of any form of long-term associations among males (Lettevall et al. 2002) , although males are known to mass-strand on beaches together (Rice 1989) .
Male and female sperm whales emit sharp, impulsive, broadband clicks (Backus and Schevill 1966) . They produce several types of clicks with an assortment of repetition rates ranging from 220 clicks per s to 1 click every 5-7 s (for a review see Jaquet et al. 2001) . They also make codas that are short, stereotypically patterned series of 3-40 clicks which are thought to function in communication (Watkins and Schevill 1977) . Codas are principally produced during periods of social behaviour (Whitehead and Weilgart 1991) , but are also heard in small numbers during foraging dives (Madsen et al. 2002) .
In the present study, we investigate which sperm whales produce codas, using the inter-pulse intervals (IPIs) of clicks within codas. These intervals are proportional to the physical dimensions of the click-producing apparatus, and thus are monotonically related to the length of the producer (Adler-Fenchel 1980; Møhl et al. 1981; Gordon 1991; Pavan et al. 2000; Rhinelander and Dawson 2004) . By this method, we are able to estimate the size of sperm whales and infer which age and sex classes produce the codas.
Materials and methods

Recordings
The data for this analysis were collected in the tropical and subtropical South Pacific Ocean during the years 1985-2000 from 10 to 13 m auxiliary sailing vessels. Groups of female and immature sperm whales were tracked and followed visually and acoustically (see Appendix of Whitehead 2003) . Acoustic recordings of coda vocalizations were made using omni-directional hydrophones (Offshore Acoustics, frequency response 6 Hz -10 kHz, ±3 dB, with no pre-amplifier, or Benthos AQ17/modified AQ21B, frequency response 1-10 kHz, ±3 dB connected via Barcus-Berry ''Standard'' or Ithaca 453 pre-amplifiers), recorded either on a cassette recorder (Sony TC-D5M) or a reel-to-reel tape recorder (Uher 4000, Sony TC770 or Nagra IV-SJ), and digitized at 44.1 kHz. The maximum depth of recording was 10 m and the range to the whales was estimated to be between 50 and 500 m, although the ranges were not measured. Codas were extracted using the software package Rainbow Click (Gillespie 1997 ) for analysis (for more detail see Rendell and Whitehead 2003) . Fifteen thousand and seventy nine codas recorded on 111 different days were extracted and available for analysis.
IPI measurements
We used automated routines written in MATLAB 1 version 6.1.450, release 12.1 (MathWorks Inc. 2001 ) to implement Goold's (1996) cross-correlation and cepstrum methods for estimating the inter-pulse interval (IPI) of each click in each coda (as in Rendell and Whitehead 2004) . Both methods fail when the IPI signal is not clear in the waveform owing to, for example, interference from other sounds, surface or other reflections of pulses, directionality of emission effects, or overloading. One particular problem for both methods was spurious low IPI values caused by the routine becoming confused by clicks that had an extended first pulse, thus we had to introduce a minimum IPI below which estimates were rejected. We set this limit at 2 ms, which corresponds to a body length of 7.7 m; a size that male and female sperm whales attain at around 4 and 6 years old, respectively (from the growth curve in Rice 1989) . Thus, our method could not have measured codas from animals aged 3 or less. We set an upper limit of 9 ms, which corresponds to a body length of 17.8 m; a size that is larger than any of the mature males measured by Rhinelander and Dawson (2004) . Thus, estimated body lengths were constrained within the limits of 7.7 and 17.8 m.
With a 44.1 kHz sample rate, our maximum time resolution was 0.02 ms; in terms of estimated body length, an increase of 0.02 ms from a 4 ms IPI changes the body length estimate by about 3 cm. For each coda and each IPI estimation method, we estimated the IPI of each of its constituent clicks, and the proportion of clicks with identical IPI estimates (to within 0.02 ms). Codas with 50% or more identical IPI estimates (from either method) were retained for further analysis, since we assumed that repeatedly obtaining an IPI estimate identical to within the limits of our sampling rate from one coda was reasonable evidence that this modal value was the true IPI of the vocalizing animal. Another source of variation in IPI measurement may be due to the orientation of the whale in relation to the hydrophone, since off-axis clicks recorded ahead of whales present varying pulse structures (Zimmer et al. 2005) . However, these confused structures (Fig. 4 in Zimmer et al. 2005 ) would likely give rise to variation in the IPI estimates and reduce the probability of multiple identical estimates as required by the above condition. Furthermore, the field protocols used for this study -specifically the animals being approached from behind -led to most recordings being made behind the focal whales and this position seems suitable for size estimation (Zimmer et al. 2005) .
We used the equation developed by Gordon (1991) relating body length to IPI to estimate the body length of the vo-calizing animal. We then compared the length distributions of coda producers in groups off the Galápagos from 1985 to 1987 and off Ecuador during 1991 with photographic measurements of whales from the same groups during these studies Kahn et al. 1993) . The photographic measurement technique is that of Gordon (1990) and requires photographs being taken perpendicular to the whales that show its back and the horizon. The analytical methods are described and the data summarized by Waters and Whitehead (1990) and Kahn et al. (1993) .
Results
A total of 10 653 codas out of 15 079 (70.6%) had 50% or more of their IPI estimates identical and were retained in the analysis. The IPI modes of the codas ranged from 2.01 to 8.14 ms, with a mean of 3.52 ms. These translate into a size range of 7.76-16.60 m, with a mean of 9.94 m. Ninety-five percent of the codas were produced by whales 9-11 m long, while 0.54% were from whales 7.7-8.5 m long and 0.07% from whales longer than 12.5 m (Fig. 1) .
Length measurement distributions (from 7.7 to 17.8 m) from photographs of sperm whales off the Galápagos from 1985 to 1987 (834 measurements; Waters and Whitehead 1990 ) and off Ecuador during 1991 (343 measurements; Kahn et al. 1993 ) were compared with 2641 acoustic length measurements of coda producers from the same areas during the same periods (Fig. 2) . A Pearson's w 2 test of the proportions of measurements in 0.2 m bins (from 7.9 to 11.9 m, with outliers included in the extreme categories) showed that the two distributions were different ( 2 ½20 = 879.563, P < 0.001). There were more whales estimated to be shorter than 8.5 m (10.0%) and longer than 12.5 m (2.7%) in the photographic length distribution than in that of the coda producers for these studies (0.30% and 0.08%, respectively), even though the photographic length measurement method is thought to underestimate the proportion of small animals in the population . Moreover, 46% of the codas in our sample were recorded in the presence of at least one mature male interacting with the females or within approximately 20 km from the females.
Fifty-eight (0.54%) codas gave IPI estimates smaller than 2.2 ms, which correspond to 8.5 m. After a visual examination of the waveform of each separate click and manually measuring IPIs where possible, we determined that only 26 were ''true'' IPIs. The other IPI estimates resulted from the cross-correlation routine becoming confused by clicks that had an extended first pulse (>2 ms) so that the larger correlation between the first pulse and itself obscured the one between the first pulse and the second. The 26 codas with small and reliable IPI estimates were recorded on five different days. The IPI modes of these codas are shown in Fig. 3 .
Nineteen of the 26 codas with low length estimates were recorded during 2 days when ''juveniles'' were noted as being present (20 July 2000: one juvenile; 24 July 2000: two juveniles). The modal IPIs of these codas were 2.33 and 2.52 ms, respectively, and the corresponding body lengths were 8.21 and 8.48 m, suggesting ages of about 8-9 years for a female or 6 years for a male (Rice 1989) .
Using Gordon's (1991) equation, 7 (0.07%) codas recorded corresponded to a body length longer than 12.5 m. However, for all the values, we manually looked at the waveform and found that they were false measurements resulting from errors in the calculation routines. The routines likely give high estimates when the first and third pulses of a click are more correlated than the first and second.
Given the high frequency of errors in the extreme IPI values, we manually calculated IPI values for 201 codas randomly selected from the 10 653 codas used in the analysis. One hundred and eighty-five (95%) of the codas manually analysed had a difference smaller than 5% from the automated calculation.
Discussion
Ninety-five percent of the length measurements calculated with IPI measurements from codas range from 9 to 11 m. These results suggest that the recorded codas were almost exclusively produced by mature females. The codas are not likely to be produced by males, since they leave the femaleimmature units when they are shorter than 9 m and return to the breeding grounds when they measure around 13 m (Best 1979) . Length measurements derived from photographs showed that whales of larger (mature males) and smaller (juveniles of both sexes) sizes were present when the codas were recorded.
There are examples in the literature of male sperm whales producing codas. Pavan et al. (2000) recorded codas from males in the Mediterranean Sea. However, the context of the recordings was different from that of our study. The males sometimes produced a coda at the end of a series of usual (regularly spaced echolocation) clicks (Pavan et al. 2000) , thus conforming with the musical definition of ''coda'', whereas in our recordings the codas were either part of a coda exchange among whales or heard without other vocalizations. The males in the Mediterranean were found in smaller groups (1-4 whales) than the females of our study (10-30 whales; Whitehead and Waters 1990) . One hundred thirtyfour of the 138 codas recorded by Pavan et al. (2000) were of only one type (''3+1''), whereas there was a great diversity of types in our recordings (33 types; Rendell and Whitehead 2003) . Recent recordings of groups of females in the western Mediterranean Sea show a greater diversity of coda types (L. Rendell, unpublished data). Thus, although males have the ability to produce codas, they made hardly any in the social contexts in which we made our recordings.
Fifty-four percent of the codas in our sample were recorded when there were no mature males interacting with the females; they were not even within a few tens of kilometres from the females. In addition, 73% of our codas were recorded when there was no calf in the group. Therefore, coda production can neither be solely related to mate attraction nor to the care of calves.
The main threat for female sperm whales (other than anthropogenic impacts such as whaling) is predation by killer whales, Orcinus orca (L., 1758) (Whitehead 2003; Pitman et al. 2001) . Sperm whales defend themselves communally (Whitehead 2003 ) and seem to participate in allomaternal care of the calves (Whitehead 1996) . In addition, they might increase their feeding success through group foraging (Best 1979) . If these are the major driving forces behind sperm whale sociality, then forming associations with other females becomes crucial. Our current understanding of coda production suggests that they may be important in forming and maintaining these associations. For example, the production of codas is correlated with other social behaviours (Whitehead and Weilgart 1991) and they are often heard in exchanges between socializing animals (Whitehead 2003). Moreover, the nonrandomized order of the codas in exchanges may suggest a type of conversation (Weilgart and Whitehead 1993) .
Mature male sperm whales might not need to be social in the same way as females. Maturing males form bachelor schools (Gaskin 1970) , although there is no evidence that these include long-term bonds (Lettevall et al. 2002) . Therefore, unlike the females, they may not need to use coda communication to the same extent. Investigation of vocal behaviour within these bachelor schools could help assess the functions of codas with respect to sociality.
Finally, our observation that coda production seems restricted largely to mature females suggests a parallel with communication in African elephants (Weilgart et al. 1996; Whitehead 2003) , where females have a larger vocal repertoire than males (Poole 1994) . Female elephants live in matriarchal groups (Moss and Poole 1983) where the older females lead the family units and are sources of important social knowledge (McComb et al. 2001 ). More work detailing coda production at the individual level is needed to explore this further. 
